ABSTRACT. We study the self-assembly of novel azobenzene-based chiral surfactants at the air/water interface, and find that while the pure enantiomers lack the ability to organize in ordered mesophases, the racemic mixture spontaneously forms a hexatic phase at low lateral pressures, which we detect by means of Brewster angle microscopy.
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ABSTRACT. We study the self-assembly of novel azobenzene-based chiral surfactants at the air/water interface, and find that while the pure enantiomers lack the ability to organize in ordered mesophases, the racemic mixture spontaneously forms a hexatic phase at low lateral pressures, which we detect by means of Brewster angle microscopy.
This work provides a so far unique example of heterochiral recognition in which the racemic monolayer is not only condensed with respect of the pure enantiomers, but causes an ordered mesophase to form. Although hexatic order vanishes at high surface pressures, long-range orientational order is regained for all compositions upon monolayer collapse, which proceeds through the formation of birefringent trilayers with a well-defined lateral microstructure, as revealed by Atomic Force Microscopy.
INTRODUCTION
The study of chiral interfaces, in particular in the context of molecular recognition, is of significant interest in material science, for instance in the development of sensors, optical filters, or catalytic surfaces 1 . Particular attention is deserved to insoluble surfactant monolayers self-assembled at the air-water interface that may be transferred onto solid support by means of the Langmuir-Blodgett (LB) technique 2 . Chiral recognition in these systems , both due to interaction within monolayer components or between monolayers and aqueous guests, has been extensively studied. 3 The high specificity of the lateral interactions in such low-dimensional systems can lead to significant differences in the thermodynamics of the racemic mixture when compared to the pure enantiomers 4 , or may result in the spontaneous segregation of racemic mixtures into two-dimensional enantiomorphic crystals [5] [6] [7] . The presence of chiral surfactants often results in the formation of submillimeter domains with chiral shape 8 or molecular organization 9, 10 , either during the isothermal condensation of ordered monolayer phases or during the collapse into stacked multi-layers. Monolayers of racemates may result in the chiral symmetry breaking of the self-assembled structures. The resulting racemic domains either feature segregated regions expressing one chirality or hinder the expression of molecular chirality altogether 11 . Heterochiral molecular recognition evidenced in changes in the phase behavior of racemic mixtures compared to pure enantiomers has also been reported both for low molar mass and for polymeric liquid crystals 12, 13 . Recently, experiments experiments with racemic mixtures of aminoacid derivatives revealed new modes of self-assembly into nanostructured previously unobserved in the pure enantiomers 14, 15 .
Among non-biomimetic films, monolayers of surfactant molecules featuring an azobenzene moiety have been the object of significant research interest both for the possibility to build photosensitive films 16 and for the enhanced ability of trans azobenzene molecules to statically and dynamically self-assemble at the air-water interface 17 . Although azobenzene-based compounds, both surfactants and non- In this work we synthesize and study the self-assembly behavior of the two enantiomers (R/S) of the chiral azobenzene fatty acid 7'Az3 (see Scheme 1) . In a recent publication, we showed that these amphiphilic molecules could be employed as chiral dopants to select the otherwise random chirality of self-assembled domains of the surfactant 8Az3. In the current work, we wanted to explore the ability of the pure chiral analogues to self-assemble into ordered chiral structures. We find that, in contrast to the behavior of 8Az3, the ability of the pure enantiomers to form mesophases is hindered, presumably by the presence of the chiral center. Remarkably, a racemic mixture of the R/S enantiomers of 7'Az3 does self-assemble into an ordered mesophase at low lateral pressures. Brewster angle microscopy observations reveal the presence of pinwheel defect configurations, which is an unambiguous evidence of the existence of hexatic order at the nanoscale 22 . This is a striking example of heterochiral recognition in monolayers in which a high degree of ordering is obtained through the interaction of two complementary chiral species that independently fail to organize as a mesophase.
At all compositions, the chiral surfactants organize into ordered multilayers above the monolayer collapse pressure. laterally organized thin films that modify the state of light polarization. The original polarizing beam splitter BS2 was replaced by a non-polarizing one to enhance the signal to noise ratio. With this modification we were able to obtain an accurate registry between optical observation of aggregates and the corresponding AFM scans. Langmuir films. We have measured surface pressure/molecular area isotherms for monolayers with the pure enantiomers and for a racemic mixture of the two chiral surfactants (Fig. 1) . We have taken great care to ensure that the azobenzene derivatives are in the thermodynamically stable trans form by preparing the spreading solutions under dim red light and by performing the experiments in the dark or under dim red light. We report data for a temperature T=25°C, although no significant differences have been observed for temperatures between 15°C and 35°C. The isotherms of both enantiomers have an observable but small shift in their relative area per molecule values that we attribute to experimental uncertainties. In other words, our observations are compatible with both enantiomers featuring identical thermodynamic behavior, as one 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 would expect in the absence of any external chiral influence 8 . Nevertheless, we have found no measurable difference in the UV-vis spectrum of enantiomeric and racemic 7'Az3 monolayers after LB transfer ( Figure S4 ), observing the signature of H-aggregation (hypsochromic shift in the UVvis reflection spectrum) in both cases. A similar observation has been reported by Haro et al. for monolayers of (S)-3'Az7 21 , both in-situ and after LB transfer.
Synthesis of the chiral azocompounds (R)-7'Az3 and (S)
In previous experiments with the achiral analogue 8Az3, monolayers of a photostationary mixture of the cis and the trans isomers phase separate at the air/water interface, resulting in the coexistence of optically birefringent sub-millimeter regions rich in the trans isomer surrounded by optically isotropic regions rich in the cis isomer 19 . We have attempted to observe similar phase segregation with (R/S)-7'Az3, both by spreading a room light photostationary cis-trans mixture of either chiral enantiomer or by first spreading a pure trans monolayer followed by irradiation with UV light (see Figure S2 , supplementary information). Although an expansion following trans to cis isomerization is detected by surface pressure measurements, BAM images reveal a homogeneous monolayer at all times. This might suggest either that cis-trans segregation does not occur for these compounds or that segregation does occur but the arrangement of the two isomers (lateral order and packing density) is too similar to be detected by our imaging equipment. Experimental evidence below with monolayers of a racemic mixture suggests that the latter hypothesis is most likely.
We have also studied monolayers prepared with an equimolar (racemic) mixture of (R/S)-7'Az3. Pressure/area isotherm data in Figure 1 reveal that mixed monolayers 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ( Fig. 2, B and C) . It is puzzling that this loss of birefringence is not accompanied by a detectable feature in the isotherm (Fig. 1) , as changes between a disordered and a hexatic phase usually involve a first order phase transition evidenced by a plateau in the isotherm. Moreover, one would expect the surface excess area to decrease when birefringence is lost, as ordering approaches that of the pure enantiomers. In other words, one would expect the isotherm of the racemic mixture to approach that of the pure enantiomers above 10 mN m -1 . It remains unclear why this does not happen. A possible explanation would be that the loss of optical contrast is due to a progressive untilting of the hydrophobic chains until they become oriented perpendicularly to the interface. This hypothesis, however, is refuted by experimental evidence below. Similarly to the procedures often employed in the liquid crystal literature, the nanoscale ordering of monolayer mesophases is typically inferred from the microscale (Fig. 3) . Since the segregation of trans-rich and cis-rich domains is observed for the racemic mixture, the reason why such a segregation was not observed for the pure enantiomers was probably due to a lack of optical reflectivity contrast between the cis-rich and trans-rich domains in the latter case. The analysis of BAM micrographs of the isolated domains can be used to characterize the orientational order of the surfactants. Since the total chain length and the position of the azobenzene moiety in (R/S) 7'Az3 is close to that in 8Az3, we can use the optical dielectric properties of the latter 19 to perform calculations in the current system, yielding an estimate for the average tilt angle of about 45° with respect to the interface normal, and an average tilt oriented along the bisector in each circular sector of an isolated domain (Fig. 3 ). We can take further advantage of these high symmetry configurations to ascertain whether the loss of contrast upon compression of the hexatic phase in the racemic mixture of (R/S) 7'Az3 is due to transition into a low-birefringence untilted phase (see above). If this were the case, the same structures observed before the loss of contrast at high pressure would be regained once the pressure is lowered before the transition threshold. We proceed by compressing a monolayer with structured domains such as that reported in Fig. 3A until a pressure well above the loss of BAM contrast, and well below the collapse. We subsequently expand the monolayer until BAM contrast is regained. The result is that the recovered birefringent phase is now very fragmented, similar to a freshly spread monolayer, with no sign of the pinwheel patterns observed 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 before compression. We thus conclude that the loss of contrast is accompanied with a loss of the hexatic order present at low pressures.
Compression beyond the collapse point results, for all monolayer compositions, in the nucleation and growth of submillimeter domains with multi-layer thickness, as revealed by the large increase in BAM reflectivity. One would expect these films to be tri-layers or, in general, be formed by an odd number of monolayers arranged head-to-head and tail-to-tail in order to always expose the hydrophobic tails to the air. 21 In fact, UV-vis spectroscopy performed on LB films obtained before and well after the collapse reveal that the reflected light intensity is roughly three times larger for the multilayer film, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Langmuir-Bodgett films. Further information on the molecular arrangement in the multilayer domains nucleating upon monolayer collapse can be obtained by transferring the films onto solid support and performing atomic force microscopy (AFM) measurements on them. LB transfer took place just after monolayer collapse, maintaining constant the surface pressure during the process. BAM images acquired at the air/water interface prior to LB extraction (Fig. 4) reveal the nucleation and growth of multilayer domains featuring long-range orientational order, which is evidenced by rotating the BAM analyzer. Given that both the typical domain size and their average spacing are larger than the range of our largest AFM scanner (70 µm), the ability to properly place the AFM tip on top of a domain is crucial in this case. We have therefore transferred the surfactant films onto engineered silicon substrates (SURF) that allow optical inspection of the thin films and performed AFM scans over regions whose structure is known at optical length scales thanks to the modified AFM header combined with a polarizing reflection microscope (see Experimental Section above).
High resolution optical micrographs reveal that the domain morphology is preserved by the LB transfer process, including their birefringent nature, and hint at a nanostructure that could not be resolved by means of BAM imaging (See Figure S3 ). Since there is no strong bond between the carboxylic group of our surfactant molecules and the SiO 2 surface, films tend to desorb and surfactant micro-crystals grow after a few hours. As a result, LB films of the pure enantiomers inspected weeks after their transfer have degraded, and the original domain structure is no longer observable. In the case of films prepared with the racemic mixture, film stability is noticeably enhanced. For instance,
in Fig. S3 we report micrographs of a LB film that was eight weeks old. In this case, only modest film degradation is detected. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Our AFM data clearly reveal that collapsed domains are formed by isolated, micrometer-size elongated multilayer subdomains (Fig. 5) arranged in a nematic-like local orientational order, which is presumably the cause of the detected optical birefringence under BAM observation. In the case of films of the pure enantiomers, the orientation of elongated subdomains changes continuously around the center of the parent domain, while in the case of films of the racemic mixture, the parent domain is organized in regions inside of which elongated subdomains remain roughly parallel. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 We have measured the thickness profile across the main features observed on AFM scans of the LB films (Fig. 5) . For the films of the pure enantiomers, most elongated domains have an average thickness of 5.0 nm above the lowest level. There are a few scattered features whose thickness is either 2.5 nm or 7.5 nm above the baseline level, indicating a characteristic step size of 2.5 nm. For the films prepared with the racemic mixure, scattered elongated domains are 4.0 nm thicker than the baseline level, and they stand 2.0 nm above a uniform continuous region that stands 2.0 nm above the baseline level (Fig. 5) . In order to interpret these measurement, we have estimated the length of the chiral azobenzene surfactant molecules, which is approximately 2.5 nm
28
. The most likely arrangement for the collapsing monolayer is to spontaneously organize in the socalled Y type film 28 , in which stacked monolayers arrange in a head-to-head or tail-totail fashion, always exposing hydrophobic tails to the air. Consequently, one expects that the baseline region on the LB films, which have been transferred by a single upstroke, corresponds to the first monolayer, and that subsequent steps correspond to bilayers. This is consistent with UV-vis measurements performed on LB films obtained for fully collapsed monolayers (Fig. S4) . Data indicate an absorbance roughly three times large for the collapsed monolayers than for the single monolayer LB films, indeed suggesting that the former are trilayers on average. In order to understand the measured bilayer thickness when compared to the estimated molecular length we need to take into account that molecules are most likely tilted with respect to the interface normal, as suggested by the optical birefringence of collapsed domains (birefringence is maximal when the optical axis of the material is perpendicular to the light path). A final aspect that must be taken into account to interpret molecular arrangement inside collapsed domains is the insertion of hydrophobic chains in adjacent monolayers, which has been suggested to be significant in similar systems 21 . In the case of LB films of the racemic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 mixture, one can take as a reference value the tilt angle that we have estimated from the analysis of BAM micrographs of hexatic domains (see above), namely θ = 45°. With this, the thickness of a bilayer, ignoring chain insertion, would be 3.6 nm. In consequence, the measured bilayer thickness (step height reported above) would imply a chain insertion of about 1.6 nm for films of the racemic mixture, and 1.1nm in the case of films of the pure enantiomers. The increased chain insertion in racemic films is consistent with the enhancement in the film stability reported above. Chain insertion also favors interaction between molecules in adjacent monolayers, as is evidenced by the bathochromic shift observed in UV-vis spectra (Fig. S4 ).
CONCLUSIONS
We have reported studies of the assembly behavior of chiral azobenzene surfactants at the air/water interface. While the presence of the chiral center in the hydrophobic chain hampers the ability of trans isomers of these compounds to form mesophases (compared to achiral analogues), a significant heterochiral recognition is observed in monolayers prepared with the racemic mixture. This is evidenced during Brewster angle microscopy observations, which reveal the formation of a mesophase. By preparing monolayers in the form of isolated trans-azobenzene rich domains, the nanoscale ordering couples with the anisotropic boundary conditions at the domain boundary, resulting in textures that unambiguously indicated the formation of a hexatic phase.
Following previously described methods we have been able to characterize the orientational order at the mesoscale, in particular the average orientation of tilted hydrophobic chains. Compression of the hexatic racemic monolayer leads to a transition into a non-birefringent phase. Although hexatic order is regained upon expansion, the range of the tilt-orientational order is severely diminished. Further studies involving grazing-incidence x-ray diffraction and spectroscopic techniques would be needed to propose a model that fully characterizes the arrangement of the two enantiomers in the hexatic lattice of the mesophase, to understand the changes that take place upon compression from an ordered into a disordered phase, and to compare the molecular arrangement of the disordered racemic phase with that in the disordered phases 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 AFM studies of LB-transferred films. Under these conditions, interlayer penetration is enhanced for the racemic mixture.
The observed heterochiral recognition effects could be explored under adsorption at different interfaces. Recently, Iavicoli et al. 29 reported that the presence or absence of spontaneous resolution of a racemate of self-assembling surfactants is dramatically dependent on the nature of the support surface. In our case, the adsorption of the chiral azobenzene surfactants could be studied at the solution/solid interface during the formation of self-assembled monolayers, or at the liquid crystal/water interface, which is known to amplify changes in the mesoscale ordering of adsorbed species 30 . In the latter context, structured monolayers of achiral analogues of these compounds have also been employed successfully to pattern substrates via the LB technique showing that this can be a new strategy to structure liquid crystal devices at the microscale 31 . In fact, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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